In this paper, a novel wearable inkjet printed dual-band antenna is presented, which works at 2.45 GHz and 5.8 GHz for wireless body area network applications. The proposed antenna geometry is composed of two printed monopole elements, which are constructed from an analytical profile of an exponentially-decaying sinusoidal curve. The analytically parameterized curve allows for constructing on demand irregular and unique shaped miniaturized radiators. The antenna system is printed on a transparent flexible polyethylene terephthalate (PET) film. The wearable dual-band printed antenna with an overall size 45 × 40 × 0.135 mm 3 is compact, light weight, and low profile, making it a suitable candidate for wireless body area network applications, when limited volume space for the worn unit is a requirement. Good agreement between numerical and measured data is achieved. Moreover, the overall far-field radiation performance of the wearable dual-band antenna is satisfactory, with measured peak gains of 1.81 dBi and 3.92 dBi, and total computed efficiencies of 81% and 82% at 2.45 GHz and 5.8 GHz, respectively. The effect of bending the wearable antenna structure is also investigated, and only slight performance variations are observed.
INTRODUCTION
One of the important keys to a reliable and successful Wireless Body-Area Networks (WBANs) implementation is the design of flexible wearable antennas, which are electrically stable when being placed on the body and are able to accommodate several frequency bands depending on application requirements [1] . Furthermore, due to the increased demands in modern wearable technology for miniature monitoring systems, antennas have to meet such needs, with a good compromise in terms of size and performance. Amongst many solutions, irregularities and uniqueness on the design and generation of antennas' prototypes need to be exploited, especially when antennas need to fit within tiny or small curved volumes. In order to meet such needs, in this work we aim to investigate the performance of an irregular dual-band antenna geometry, which is generated via analytical curve profile technique.
While majority of the wearable/non-wearable antennas proposed in the literature were based on classical radiating geometries [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , only a few investigated the possibility of utilizing geometrical-based analytic curves as radiators [14] [15] [16] [17] [18] [19] [20] [21] .
The work in [14] presented an inverted sinc-like geometric radiating antenna. In [15] , the design of a multi-circular arc-based strips antenna was presented for multi-band operation; however, it came at the cost of narrowband impedance matching, which poses challenges when being exposed to body area networks.
Many other existing curve-based geometries are well known and have been extensively applied in many engineering applications, for instance meanderlines and fractal structures, as explored in [16] [17] [18] [19] , among others. In [20, 21] , printed antennas based on the Chebyshev polynomials were investigated for wireless sensor nodes applications. The antennas in [20, 21] were printed on rigid substrates for single operational band. However, to the best of our knowledge, the design of a wearable dual-band antenna structure from a customized analytical curve based on an exponentially-decaying sinusoidal profile has not yet been investigated. In fact, most conventional printed antennas in literature were fabricated using printed circuit board technology on either rigid FR4 or ceramic materials, i.e., Rogers laminates. Furthermore, previous attempts of antenna designs based on planar analytic curves were studied on rigid laminates, which make them unsuitable for wearable applications. As a result, such antennas are difficult to integrate within clothing of the wearer in their present forms.
This paper demonstrates the design and performance assessment of a novel flexible and low cost inkjet printed dual-band antenna, based on customized analytic curve (see Fig. 1(a) ). The antenna system is deposited on a very thin flexible Polyethylene Terephthalate (PET) film and is fed by a 50 Ω Coplanar Waveguide (CPW) structure. Numerical full-wave simulations based on CST Microwave Studio are presented and compared against measured results.
The rest of the paper is organized as follows. Section 2 presents the proposed design of the wearable dual-band antenna. Section 3 provides both numerical and experimental results, including the effect of several geometry parameters. Furthermore, the impact and performance of the wearable dual-band antenna under bending scenarios is presented. Section 4 concludes the paper with summary of the findings from this research work.
GEOMETRY OF THE PROPOSED ANTENNA
The proposed wearable dual-band antenna geometry is shown in Fig. 1 . For modern wearable devices, inkjet printing has been one of the commercially efficient fabrication techniques for rapid fabrication of flexible antennas with high accuracy [22] . The proposed dual-band analytic-based geometry is printed on a very thin flexible PET plastic substrate. The PET thin film is made available from Mistubishi Paper Mills Ltd. (NB-WF-3GF100), and has electrical relative permittivity of 3.2 and loss tangent of tan δ = 0.022. For convenience, a finite small size substrate is chosen, which will easily fit in any wearable device, where the antenna is fed by a 50 Ω CPW structure. The designed antenna structure resides side-by-side with a finite metallic ground plane of size L g × W g .
The antenna structure is composed of two bent planar monopole elements, spaced apart by a small finite gap, a. The two curved monopole radiating elements (see shaded curves in Fig. 1(a) ) are generated from an exponentially-decaying sinusoidal profile, defined in this work by the following parametric relation:
where ψ is a numeric space parameter, over which the analytic curve profile of radiators is generated, and is given by:
In this work, ψ is chosen to achieve a swept space curve to resonate close to the intended dual-band frequencies, where ψ min corresponds to the starting swept point, which is fixed at 0.1 mm, while ψ max corresponds to the maximum swept numeric point. Without loss of generality and for the intended dual-band operation in this work, ψ max is taken as 3 mm for the resonant analytic curved element at 2.45 GHz, and it is 2.2 mm for the resonant element at 5.8 GHz. Note that the combination of the proposed x(ψ) and y(ψ) analytic functions generates an exponentially-decaying sinusoidal profile, which results in a 2D planar curved layer after performing a numerical extrude process. The used sweep space range for ψ has generated two curved profiles for the dual-band antenna topology (without stubs), as shown in the right-inset of Fig. 3 . The addition of the stubs has made the antenna to resonate well within 2.45/5.8 GHz WLAN bands.
Looking carefully into the curving profile in each radiating element, as shown in Fig. 1(a) , the construction of the space curving profile is selectively made here in only one side per radiating element, i.e., in opposite ±x directions. In fact, the adopted analytical curve design in this proposed antenna has two advantages: firstly, the opposite profile of the curves with a small gap spacing (parameter a in Table 1 ) will minimize the effects of mutual coupling between the two elements and provide enhanced bandwidth. Secondly, it will maintain a reasonable omnidirectional radiation pattern for each radiating element. For ease of tuning the antenna and for simplicity in demonstration, a small stub segment is attached to the end of each radiating element (see Fig. 1 ) in order to provide a tunability feature to the dual-band antenna system whenever desirable. The designed wearable dual-band antenna has been optimized in order to resonate and operate within the WLAN spectrum (2.45 GHz/5.8 GHz bands), making it a suitable candidate for WLAN/WBAN applications. Table 1 summarizes the proposed antenna geometrical parameters.
NUMERICAL AND EXPERIMENTAL RESULTS

Antenna Prototype
Figure 2(a) shows an image of the fabricated dual-band antenna prototype, where an edge-fed SMA connector is used for feeding the fabricated antenna using conductive expoxy paste. The antenna is fabricated using an inkjet Dimatix material printer, which is considered one of the low cost, recycleable, and precise prototyping tools for flexible antennas fabrication. A closer look into the deposited silver nanoparticles can be seen in Fig. 2(b) , in which reasonable smooth conductive silver-based layer is maintained. In practice, the conductivity of the deposited silver nanoparticles may vary from 0.4 ∼ 2.5 × 10 7 S/m, depending on temperature, duration of sintering, and number of printed silver layers [22, 23] . Note that two repeated conductive silver layers are considered in the fabrication process in order to maintain good electrical conductivity for the metallic silver particles, after which heat sintering using an iron pressing is applied to produce sufficient conductivity of metallic silver layer. Within the numerical full-wave simulations, the antenna is excited through a 50 Ω coplanar wave port. Furthermore, the material of the metallic radiators is assigned as silver in order to mimic the fabricated antenna prototype, where conductive silver nanoparticles are deposited in the flexible PET substrate. Figure 3 shows the numerically computed reflection coefficient of the dual-band antenna validated with measured results. Good agreement between the simulated and measured data is achieved. From Fig. 3 , the proposed antenna yields measured impedance bandwidth of 34% (1.86-2.63 GHz) covering the first resonance and achieves a wide impedance bandwidth of 44% covering the second resonance (5.09-8.0 GHz). The case of the dual-band antenna without stubs is also numerically evaluated, as shown in Fig. 3 , in which it operates off the 2.45 and 5.8 GHz WLAN bands.
Scattering Parameters Results
Snapshots of the electric surface current distribution for the proposed flexible antenna at its dualfrequency bands are also presented in Fig. 4 . As can be seen from Figs. 4(a), (b), significant surface current distribution is observed, within both radiating curved monopole elements, with minimal coupling effects.
Next, the performance of the proposed dual-band analytical-based antenna in terms of its impedance bandwidth is compared against that of a conventional (i.e., flat) dual-monopole antenna structure, as shown in Fig. 5(b) . For an adequate comparison, the flat dual-monopole antenna radiating structure is printed on a similar flexible substrate with same dielectric properties and dimensions as the proposed antenna host material including ground metallization layer and feeding structure. Fig. 5(a) shows the simulated reflection coefficient, |S 11 |, of the proposed antenna and the conventional (flat) dual-band resonant monopole antenna. As can be seen from Fig. 5(a) , the proposed antenna has an operational impedance bandwidth of 19.3% at 2.45 GHz, while the conventional antenna has its first resonance dip at 2.61 GHz and hence out of the band of 2.45 GHz frequency band. Moreover, the proposed antenna's impedance bandwidth at frequency of 5.8 GHz is 32.3%, while it is narrowband with only 5.8% for the conventional dual-band monopole antenna structure. We also note here that the resonance dip at 5.8 GHz is almost the same for both antennas. Based on this numerical full-wave study, the proposed antenna provides wider bandwidth at both operational frequency regimes than the conventional dual-band antenna. We also note that due to the wideband impedance matching of the proposed flexible analytical-based antenna covering its second resonance band (5.8 GHz), it can be adopted for ultra-wideband applications.
Variation of Antenna Geometrical Parameters
In this part, numerical parametric analysis focusing on the effects of length of stubs L 1 and L 2 on the dual-band antenna resonances is conducted and presented in Table 2 . As expected, reducing the stub length, L 1 results in shifting the first resonance at 2.45 GHz towards higher frequencies. For instance, with a stub length of L 1 = 3.5 mm, the dip of the first resonance is noted at 2.98 GHz. Similar observations are also observed for the case of varying the stub length, L 2 , representing the second resonance frequency at 5.8 GHz. For the case of L 2 = 2.0 mm, resonance dip of −19.25 dB is located at 5.8 GHz.
It is worth noting here that the addition of the two end stubs, L 1 and L 2 provides an extra freedom to the proposed antenna, in such a way that changing the stub length of any curved radiating element does not affect the other resonant frequency. Moreover, due to the nature of the curvature profile of the proposed analytical-based radiating elements, this has added extra design flexibility in the width of the radiating elements as compared to the conventional dual-monopole antenna geometry (see Fig. 5(b) ), where the latter is constrained by the compact edges of the center conducting feedline of the CPW structure.
Bending Effects
It is essential that wearable antennas maintain good performance when being attached to particular surfaces or in bending conditions. In this section, the effect of bending the wearable dual-band antenna on top of a Styrofoam layer as well as a cylinder-shaped PVC has been experimentally investigated. Only a slight shift in antenna's first resonance dip is observed for the case of PVC bending, where stronger resonance behavior is observed for the E-plane bending case than the resonance dip in the H-plane bending scenario. However, this can be resolved by slightly reducing the stub length, L 1 . Note that the E-plane bending corresponds here to bending the antenna along the longitudinal side (i.e., along the PVC height), while H-plane bending corresponds to the perpendicular antenna bending orientation to longitudinal direction.
Moreover, the performance of the antenna when placed on top of a human arm has also been assessed by measuring the reflection coefficient when the wearable antenna is in contact with arm and on top of the arm by 2 mm and 5 mm, as shown in Fig. 6 . For illustration purposes, an image of the antenna on top of the subject arm of a male volunteer is shown in Fig. 7 , where very thin transparent tape is used in order to maintain stability of the antenna on top of the subjected arm. Based on the experimental results in Fig. 6 , the antenna shows satisfactory performance, except that the resonance dip at 2.45 GHz is noticed to shift to lower frequencies for the case of the antenna on top of the arm, i.e., direct contact with the arm. This is attributed to the very small thickness of the PET film when in contact with very lossy human tissues.
Far-Field Radiation Properties
The far-field properties of the proposed dual-band antenna are presented and discussed next. Fig. 8 depicts computed 2D polar radiation patterns of the wearable antenna in two principal cut planes, Eand H-planes, at 2.45 GHz and 5.8 GHz. As shown from the normalized radiation patterns in Fig. 8 , the antenna has a monopole-like pattern, with a consistent omnidirectional coverage in both Eand H-planes. The measured radiation patterns of the antenna agree quite well with the simulated ones. Moreover, several ripples are observed in the measured H-plane patterns at 2.45 GHz. This is attributed to the unpredicted conductivity of silver nanoparticles as well as the inherent dielectric properties of the adopted PET laminate.
The peak gain and total efficiency of the antenna at 2.45 GHz and 5.8 GHz are also computed, where gains of 2.05 dBi and 3.63 dBi, and efficiencies of 81% and 82% are obtained at 2.45 GHz and 5.8 GHz, respectively. For validation purposes, the peak gain of the proposed antenna is measured using gain transfer method, which is 1.81 dBi and 3.92 dBi at 2.45 GHz and 5.8 GHz, respectively, agreeing well with the calculated ones. For comparison purposes, the peak gain of the conventional dual-monopole antenna (as shown in Fig. 5(b) ) at its dual-operational frequencies is numerically calculated. The peak gain at its first resonance is 2.0 dBi, while it is 3.2 dBi at the second resonance frequency, which is lower than the peak gain of the proposed analytical-based antenna by almost 0.5 dBi at the same resonance frequency of 5.8 GHz.
SAR Calculation
In order to investigate the performance of the proposed wearable dual-band antenna when on-body contact, Specific Absorption Rate (SAR) is numerically studied. SAR quantifies the amount of electromagnetic power that is absorbed by human tissues, and it is averaged either over the whole body or over a small tissue volume (typically 1-gram or 10-gram tissue mass). SAR can be numerically calculated from the electric field within the tissue:
where σ is the electrical conductivity of sample tissue (in S/m), E the RMS electric field (in V/m), and ρ the density of tissue (in kg/m 3 ). In this study, numerical simulations for a 10-g averaged peak SAR at different accepted input power levels are carried out. Figure 9 depicts a simplified numerical setup to study the maximum absorption rate from the flexible antenna in close proximity to multilayer human subject tissues. Within the numerical setup, the antenna is placed on top of a modeled human arm, consisting of three layers: skin (2 mm thick), fat (3 mm thick), and muscle (10 mm thick), in which all electrical properties of those tissues are obtained from the Institute of Applied Physics datasheet [24] . Further, the antenna is made in contact with the modeled arm with no spacing or shielding materials. For convenience and numerical computational resources, the size of the modeled arm is considered as 40 × 45 × 22 mm 3 (in x, y and z, respectively). The obtained peak SAR values are presented in Table 3 for various accepted input power levels. As expected, the obtained SAR levels show that the amount of electromagnetic energy absorbed by the tissues increases, as the input power increases. Based on the numerical results, the obtained maximum absorption rate values (in W/kg) at 2.45 GHz are 0.620, 1.551, 3.101, and 6.203, for the incident power levels of 10, 25, 50, and 100 mW, respectively. We highlight here that the 10-g averaged SAR levels are below 4 W/kg. According to ICNIRP safety levels for maximum SAR averaged over 10-g of tissue for hands, feet, and wrists [25] , the obtained peak SAR levels are within acceptable safety limits for the input power levels of less than 100 mW. High peak SAR levels are observed from the antenna when input power level reaches 100 mW. Nevertheless, SAR levels will gradually decrease as we increase the spacing between the antenna and human tissue, in which a very thin foam spacer can be used to provide further stability to the antenna. In other words, input power can easily be increased, if an extra spacing is added between the antenna and the tissue. For comparison purpose and for worst case scenario, the peak SAR values for the conventional flat dual-band monopole antenna are calculated as 6.035 W/kg and 7.173 W/kg at 2.45 GHz and 5.8 GHz, respectively, under accepted input power level of 100 mW. Such computed figures are comparable to the peak SAR levels obtained using the proposed analytical dual-band antenna as presented in Table 3 .
For illustration purposes, three-dimensional maximum absorption rate distributions from the proposed antenna at the antenna's dual resonance frequencies (under an accepted power level of 25 mW) are displayed in Fig. 10 . As can be seen from Figs. 10(a), (b), most of electromagnetic field penetration into the tissues is observed in the volume nearest to the end of the ground plane. The far-field performance of the antenna on top of the modeled arm without any spacing is deteriorated. This is due to several factors. Firstly, human tissues are in principle very lossy with very high dielectric profile, which are unavoidable. Secondly, the antenna design does not require any ground plane reflector, which is a design requirement for ease of integration with flexible electronics along with the adopted PET thin film of 0.135 mm-thickness. From this SAR analysis, we note here that the proposed antenna is well suited for low-power applications, such as wearable health care devices. In Table 4 , a comparison summary of the proposed antenna with several selected published works is provided. It can be seen that the proposed antenna provides low-cost solution of a very thin and flexible prototype based on analytical customized curved profile with acceptable performance compared to other presented antennas in literature.
CONCLUSION
In this paper, a novel flexible wearable inkjet printed dual-band antenna is presented, operating at 2.4 GHz and 5.8 GHz WLAN applications. The designed antenna is composed of two printed monopole elements based on a customized analytical geometric curve, which is generated using an exponentiallydecaying sinusoidal profile.
Good agreement between numerical full-wave simulations and measured results is achieved. Based on the achieved results, the proposed antenna provides good performance with wide impedance bandwidth, even in bending conditions. The measured peak gains of the antenna are 1.81 dBi and 3.92 dBi at 2.45 GHz and 5.8 GHz, respectively. Moreover, 10-g averaged SAR of a modeled human arm is numerically considered and calculated at different input power levels and within the standard safety limits for input power levels below 100 mW, when the antenna is in direct contact with body tissue.
